ABSTRACT. The aim of the present study was to determine the distribution of chondroitin sulfate proteoglycans in the mouse retina and optic nerve of the prenatal and postnatal mouse by immunohistochemistry. At embryonic day (E) 18, chondroitin-4-sulfate (C4S), chondroitin-6-sulfate (C6S) and biglycan were detected in the retina and optic nerve. However, aggrecan was seen in the retina but not in the optic nerve. At postnatal day (P) 7, aggrecan and biglycan were clearly observed in the optic nerve, inner nuclear layer and ganglion cell layer and diffuse in the outer retina. C4S diffusely distributed in the retina and optic nerve, but C6S was mainly confined to the photoreceptor layer and optic nerve sheath. At P42, biglycan showed diffuse distribution in the retina and optic nerve with intense staining in nerve-fiber rich layers. Aggrecan showed weak staining at the inner plexiform layer with higher density in the outer and inner nuclear layers, outer plexiform layer and ganglion cell layer. Both C4S and C6S were detected in the optic nerve and retina, but C6S showed strong immunostaining in the photoreceptor layer. The distributions of these proteoglycans with respect of time course during development of the retina and optic nerve suggest that they may have unique or overlapping roles in development and maintenance of the retina and optic nerve.
The extracellular matrix plays an integral role in the pivotal processes of development, tissue repair, and metastasis by regulating cell proliferation, differentiation, adhesion, and migration [14, 15, 20, 34] . The major components of the extracellular matrix are collagens, proteoglycans, glycosaminoglycans (GAGs), fibronectin, and numerous less abundant proteins and glycoproteins. Proteoglycans are complex macromolecules composed by a core protein with one or more covalently bound GAG chains. GAGs, including chondroitin sulfate, dermatan sulfate, heparan sulfate and keratan sulfate, are a widely distributed structurally diverse family of sulfated, unbranched polysaccharides that are expressed abundantly on the surface of cells and the extracellular matrix. GAGs have emerged as important regulators of the signaling involved in cell growth, tumorigenesis and inflammation [16, 29, 43] .
Previously, it had been believed that proteoglycans were like cement simply filling the extracellular spaces in connective tissue and they were never the focus of research on neural tissues. As many unique proteoglycans have now been identified in neural tissues and the roles they play in cell-cell and cell-substratum interactions, cell proliferation and cell differentiation have been clarified, their major involvement in neural network formation has been indicated [13] . Proteoglycans have recently been shown to not only provide shape and biomechanical strength of organs and tissues but also to have direct and indirect cell signaling properties [20] .
Chondroitin sulfate is uniquely important in morphogenesis, cell division and cartilage development and is the carbohydrate component of chondroitin sulfate proteoglycans (CSPGs), molecules that are spatiotemporally regulated during brain development [11, 18, 23, 38] and upregulated after injury in the central nervous system [6, 37] . CSPGs have also been found to be expressed in the retina [10, 20] . Keratan sulfate was localized in growing axons from chick retinal explants [27] , however there is no reports about the presence of keratan sulfate in the mouse retina and optic nerve.
However, to the best of our knowledge, there are no reports about localization and developmental changes of proteoglycans in the mouse retina and optic nerve. The present study represents an attempt to assess the diversity and timing of the expression and distribution of 4 members of chondroitin sulfate, namely, chondroitin-4-sulfate (C4S), chondroitin-6-sulfate (C6S), aggrecan and biglycan, and keratan sulfate, and to elucidate their functional roles in the development and maintenance of the retina and optic nerve.
MATERIALS AND METHODS
Animal care and experimental procedures were approved by the Animal Research Committee, Tottori University, Japan. Approval number is 09-T-19.
Animals and tissue processing: Jc1: ICR mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). The animals were maintained in a 12:12 hr light-dark cycle with free access to food and water throughout the whole experiment.
One male mouse was placed to mate with many female mice overnight and pregnant females were identified by the presence of vaginal plug in the next morning. Thus, the embryonic day zero (E0) was setup on the first day the vaginal plug was observed. Mouse embryos having embryonic age of 12 days (E12, n=8) and 18 days (E18, n=8) obtained by cesarean section from these pregnant mice were enucleated. In addition, eyes of mice having postnatal age of 7 (P7, n=6), 14 (P14, n=4), 42 (P42, n=8), and 120 days (P120, n=6) were also used in this experiment.
The mice were euthanized by cervical dislocation, and both eyes of each mouse were collected and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS, pH 7.4) overnight at 4°C with gentle shaking. Serial sagittal sections of the central retina were cut at 4 μm.
Antibodies: Polyclonal anti-biglycan, polyclonal antiaggrecan and monoclonal anti-keratan sulfate antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, California, U.S.A), monoclonal anti-C4S antibody was purchased from Abnova Corporation (Taipei, Taiwan), and monoclonal anti-C6S antibody was purchased from Seikagku Biobusiness Corporation (Tokyo, Japan).
Immunohistochemistry: Four-m-thick paraffin sections of mouse retina were deparaffinized, rehydrated, and rinsed with PBS. Indirect immunostaining was performed using a Histofine SAB-PO (M) (for mouse primary antibodies) or SAB-PO (R) (for rabbit primary antibodies) immunohistochemical staining kit (Nichirei, Japan). Endogenous peroxidase activity was eliminated with 3% hydrogen peroxide in methanol for 5 min. After washing with PBS, the retinal sections were treated sequentially with blocking serum from the same animal in which the secondary antibody was raised. Blocking times were 25 min for polyclonal antibodies and 1 hr for monoclonal antibodies at room temperature. The sections were then incubated at 4°C overnight either with specific primary antibodies (1: 50 in PBS for polyclonal antibodies and 1:50 1% bovine serum albumin in PBS for monoclonal antibodies) or with a buffer solution for control sections after treating with the blocking serum. After washing with PBS, biotinylated anti-mouse and rabbit IgG was applied for 30 min at room temperature. After washing with PBS, peroxidase-conjugated streptavidin solution was applied for 30 min. Peroxidase labeling was visualized using 0.05% 3-3' diaminobenzidine (Sigma). Micrographs of the sections were taken with a digital camera for a microscope (DP-71, Olympus, Tokyo, Japan).
RESULTS
The present study was done to investigate the distributions of CSPGs in the retina and optic nerve of mice at embryonic, early postnatal and adult stages.
Retina ( Fig. 1 ): At E12, the retina was composed of homogenous neuroblasts. No immunostaining for CSPGs was detected in the retina. At E18, the ganglion cell and innerplexiform layers (GCL and IPL, respectively) were distinguishable from other neuroblasts. C4S, aggrecan and biglycan showed diffused distribution throughout the retina, but C6S was detected mainly in the GCL.
At P7, all layers in the retina were distinguishable, but the photoreceptor layer (PRL) and IPL was thin. The distribution of chondroitin sulfate changed with retinal differentiation. Aggrecan immunostaining was clearly observed in the GCL and inner nuclear layer (INL) and was diffuse in the outer retinal layer. C4S and biglycan showed moderate diffuse immunostaining throughout the retina. C6S showed strong immunostaining in the PRL.
At P14 and P42, the retinal layers were complete. Biglycan showed diffuse distribution in the retina with higher staining affinity in nerve fiber-rich layers, including the IPL, outer plexiform layer (OPL) and nerve fiber layer (NFL), but did not show immunostaining in the PRL. Aggrecan showed moderate immunostaining in the GCL, INL, outer nuclear layer (ONL) and OPL with weak immunostaining in the IPL and PRL. C4S was distributed in the GCL, INL, ONL, OPL and retinal pigment epithelium (RPE) and not detected in the PRL. C6S was moderately distributed in the PRL and RPE and faint in the ONL.
At P120, the distributional pattern of these CSPGs was similar to that in P42 but in lesser intensity. However, aggrecan showed higher immunostaining in the ONL with faint immunostaining in the PRL and C6S showed higher immunostainig in the PRL.
No immunostaining for keratan sulfate was detected in the retina from E12 to P120.
Optic nerve ( Fig. 2) : At E12, the optic nerve was not formed yet as the previous studies [6, 7] . At E18, the optic nerve had formed. The optic disc showed diffuse immunostaining for C4S and biglycan, however, C6S showed weak immunostaining at the optic disc and the optic nerve with moderate staining at the optic nerve sheath. Aggrecan showed moderate immunostaining at the optic nerve head (Fig. 2) .
At P7, C4S and biglycan were diffusely distributed in the optic disc and optic nerve with high density at the lamina cribrosa and confined to the laminar beam of the optic nerve. C6S showed weak immunostaining at the optic nerve head and moderate-staining at the optic nerve sheath. Aggrecan showed strong immunostaining in the optic disc, lamina cribrosa and optic nerve proper (Fig. 3) .
At P14 and P42, the optic nerve showed diffuse immunostaining for C4S, C6S and biglycan and stronger immunostaining for aggrecan, especially in P42. The distribution of these proteoglycans at P120 was similar to that at P42 (Fig. 2) . No immunoreactivity for keratan sulfate was detected in the optic nerve at any observed stage.
DISCUSSION
There are few reports on distribution of CSPGs in the retina and optic nerve [18, 31, 45] . In this study, we estimated the presence and distribution of C4S, C6S, aggrecan and biglycan in addition to keratan sulfate. We tried to determine the possible importance of such distributions on the Fig. 1 . HE staining and immunostaining of CSPGs in the retina of mice at E12, E18, P7, P14, P42 and P120. C4S, chondroitin-4-sulfate;
C6S, chondroitin-6-sulfate; Agg, aggrecan; Bgn, biglycan; KS, keratan sulfate; HE, hematoxylin and eosin; NB. neuroblast cell mass; GCL&NFL, ganglion cell layer and nerve fiber layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PRL, photoreceptor layer; RPE, retinal pigment epithelium. Scale bar=50 μm. Fig. 2 . HE staining and immunostaining of CSPGs in the optic nerve of mice at E18, P7, P14, P42 and P120. HE; hematoxylin and eosin. Scale bar=200 μm. 
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development of retina and optic disc. It has been suggested that CSPGs may regulate the pattern of retinal ganglion cell outgrowth in the developing retina because of CSPGs having an inhibitory effect on elongation of retinal ganglion cell axons [3, [39] [40] [41] .
The retina was mainly composed of homologous neuroblasts at E12 as the previous study [36] and the NFL, GCL and IPL in the retina were distinguishable at E18 as the previous studies [22, 36] . CSPGs showed no specific staining in the eye at E12 but at E18 C4S and C6S appeared in the retina. At P14 and P42, C4S was not detected in the PRL. In contrast to C4S, C6S was distributed in the PRL at these ages and increased in the PRL at P120. Thus, CSPGs appeared in the retina with differentiation of retinal neuroblasts. C4S might be regulator of axonal outgrowth [4] . C6S distributes in the interphotoreceptor matrix of the rat retina [32] and modulates retinal ganglion cell body polarity and stimulates retinal axon elongation [2] . In addition, photoreceptor degeneration is found in mice with mucopolysaccharidosis type VII, which is a lysosomal storage disorder and caused by a deficiency of specific lysosomal enzyme required for the degradation of glycosaminoglycans including chondroitin sulfate [25] . Little expression of chondroitin sulfate was also found in the interphotoreceptor matrix of rds mice which photoreceptor cells progressively loses [42] . Thus, C6S may be involved in the maintenance of photoreceptor cells.
In this study, biglycan was present in the retina in a diffuse mannar at E18-P7 and showed higher affinity to nerve fiber rich layers from P14-P42. The distribution of biglycan in the mouse retina in our study was similar to that reported for decorin in the rat retina [12] . Biglycan and decorin are closely similar in molecular structure [21] . Either biglycan or decorin is capable of interacting with collagen fibrils [17, 19] . It is supposed that biglycan and decorin are not only neurotrophic factors for retinal cells but also relate to their differentiation.
Aggrecan is one of the major CSPGs expressed in the central and peripheral nervous system of embryos and adults [28, 35] . In this study, aggrecan appeared at E18 in the retina. More ever at P7, the strong immunostaining of aggrecan with cells was consistent with astrocyte in the inner retina and optic nerve. Aggrecan is produced by glial precursors [1, 9] . Astrocyte-precursor cells migrate into the mouse retina at E17 [44] . Thus, these previous studies confirm the time of appearance of aggrecan in the mouse retina. Aggrecan have multiple effects on neurite outgrowth [5, 8, 40] and is required for normal astrocyte differentiation [39] . It is suggested that aggrecan is a mediator in neural development and may be important in maintenance of these layers of the mature retina.
In this study C6S was detected in the GCL at E18 but showed strong to moderate immunostaining in the PRL at P7, 14 and 42. C6S is localized at the apical surface of the RPE and in adjacent photoreceptors [32] . In contrast, the apical surface of the RPE of RCS rats, which is a widely studied animal model of a condition similar to retinitis pigmentosa, is barely immunopositive [33] . C6S plays an important role in adhesion between the neural retina and RPE [24] . It seems reasonable, therefore, that C6S was positive in the developed PRL at P7 or later.
We compared developmental changes in the localization and levels of immunostaining of C4S, C6S, biglycan and aggrecan in the mouse eye from E12 up to P120. The presence and distribution of aggrecan in the late embryonic rat retina and optic nerve have been reported [26] , but there is no information on ocular aspects of the investigated CSPGs in mice. Although the neurobiological significance of C4S, C6S, aggrecan and biglycan in the retina and optic nerve remains to be more clearly delineated, our results indicate that the individual proteoglycans probably have unique, perhaps partially overlapping, functions in the retina and optic nerve as well as in the central nervous system [30] .
